A facile fabrication process for bulk PZT microsystems using dry film photoresist and micro powder blasting is presented. Bulk PZT and dry film photoresist etching characteristics are evaluated as a function of process parameters and mask dimensions using 127 μm thick PZT substrates. The resulting process simplifies microscale patterning of bulk PZT compared with existing methods, with selection of suitable etching parameter providing excellent etch rate, selectivity and anisotropy. The technique is used to fabricate two different cantilever microactuator topologies based on piezoelectric d 31 and d 33 mode actuation, demonstrating the capabilities of the patterning method for applications in bulk PZT microelectromechanical systems (MEMS).
Introduction
Bulk processed piezoceramic lead zirconatetitanate (PZT; Pb(Zr 1-x Ti x )O 3 ) offers significant potential for the development of high-performance microscale piezoelectric transducers. A ferroelectricperovskite-type oxide, bulk PZT sheets are typically manufactured from spray-dried layers of powdered polycrystalline elemental oxides mixed with a binder and sintered in a mold to yield the desired shape. Unlike thin film PZT materials commonly used in piezoelectric microelectromechanical systems (MEMS), bulk processed materials offer exceptionally high and repeatable piezoelectric coupling coefficients at low cost, with a variety of compositions available to meet specific requirements including hysteresis behavior, dielectric constant, leakage current, ageing, density, frequency dispersion, and electromechanical nonlinearities. More fundamentally, microsystems employing thick layers of bulk PZT can offer significantly higher areal energy density than devices based on thin or thick film PZT.
Microfabrication of bulk PZT demands etching processes capable of achieving high-resolution patterns in relatively thick substrate layers on the order of tens or hundreds of micrometers. Due to its use in both ferroelectric memory [1] 1 Author to whom any correspondence should be addressed. and MEMS applications [2] , etching processes for thin film PZT based on reactive ion etching (RIE) using high-density plasma systems have been widely explored and optimized [3] [4] [5] [6] [7] [8] . While RIE can provide reasonable etch anisotropy for thin film PZT, etch rates are generally below several hundred nanometers per minute [5, 7, 9, 10] , far too slow for processing bulk PZT substrates. Additionally, the electrical properties of PZT can deteriorate during RIE due to a combination of physical and chemical damage [11, 12] . As an alternative to RIE, wet chemical etching has been explored for PZT patterning [12] [13] [14] [15] . However, these processes suffer from undesirable undercut of masked features [14, 16, 17] and the rapid formation of insoluble etch products [12, 14] that render them impractical for bulk PZT patterning. While wet etch chemistries have been modified to optimize their performance with thick film [18] and bulk [16, 19, 20] PZT, etch anisotropy remains low and multiple processing steps are required to remove etch residue [20] .
To overcome these limitations, various nonchemical methods for etching bulk PZT have been explored. For example, direct machining or milling using diamond tools has been successfully employed for patterning bulk PZT. Mechanical machining using a wafer dicing saw has been demonstrated for patterning 100 μm square pillars in bulk PZT [21] , although this approach is limited in its ability to produce complex patterns. Single-point milling of PZT has also been evaluated, but rapid wear of the diamond cutting tools and damage to the PZT surface significantly limits this approach [22] . Ultrasonic micromachining, in which an abrasive slurry is used to remove material through microchipping induced by high-frequency acoustic energy injected through a mechanical probe [23] , may be used for micropatterning ceramic materials. However, this is a serial process with limited throughput, and with constraints on the range of shapes and pattern resolution that may be achieved based on the dimensions of the ultrasonic probe [24] . While PZT etching has been successfully demonstrated using a wafer-scale ultrasonic process in which a micromachined metal template is used for parallel patterning of multiple features [10] , template fabrication is complex and time consuming, and uniform pattern transfer between the template and PZT surface is challenging. In addition, template wear during ultrasonic machining can be significant [24] , further complicating the process. Another bulk PZT etching technique that has been explored is excimer laser ablation, which has been shown to yield moderate etch rates with excellent etch anisotropy [25, 26] . However, it remains a slow serial process that is not suitable for batch-scale processing. Laser ablation also suffers from redeposition of etch debris surrounding the etching zone [26] , and thermal shock that can produce significant changes in the morphology and electromechanical properties of the substrate material [17, 27] .
Micro powder blasting is a mechanical etching process whereby a focused jet of micron-scale abrasive particles is used to ablate material from a substrate, often using a metal or polymeric mask to selectively pattern regions of the surface [28] . While micro powder blasting is a serial process, etching occurs over a relatively large region of the surface typically measured in tens of mm 2 due to lateral spreading of the abrasive particles from the nozzle, and etch rates are sufficiently high to make the process suitable for batch manufacturing by rastering the nozzle across the surface for large-area patterning. Micro powder blasting has been widely adapted for micromachining, and offers much potential as a technique for rapid microstructuring of complex patterns in materials which are not amenable to traditional etching methods. While micro powder blasting has been widely studied as a method to pattern glass [29] [30] [31] [32] , its use toward bulk PZT etching has not been extensively explored. Previous work on micro powder blasting bulk PZT has employed masks fabricated from metal [33, 34] or elastomers [34, 35] , with these masking techniques capable of realizing features with moderate resolutions on the order of 75-100 μm [33, 36] . Because the metal or elastomer layers are fabricated separately from the PZT substrate, mask alignment can be challenging, particularly in the case of metal masks which lack the optical transparency of silicone elastomers. Furthermore, unwanted gaps between the mask and PZT substrate can allow abrasive particles to rapidly undercut the mask, leading to degradation of patterning resolution. While elastomer masks based on polydimethylsiloxane (PDMS) elastomer have shown excellent etch selectivity during PZT micro powder blasting [35] , issues of mask alignment and resolution limits remain, and this approach requires significant effort for mask fabrication. Finally, the use of a separately aligned mask layer prohibits the formation of PZT geometries requiring discrete piezoelectric elements fully separated from the neighboring substrate, since this would require that the mask itself be discontinuous.
The motivation for the present work is threefold. First, we seek to elucidate the relationships between micro powder blasting process parameters and PZT etching characteristics, which has not previously been explored in detail. Unlike amorphous glass, which has been extensively evaluated for micro powder blasting etch performance, PZT is a polycrystalline ceramic with relatively large grains and a density over twice that of silica, and thus may be expected to exhibit unique etching characteristics. Key process parameters explored in this work include particle size, nozzle pressure and nozzle-to-substrate distance, with etch rate and etch anisotropy evaluated as a function of these parameters and space resolution. Our second motivation is to demonstrate photolithographic masking of bulk PZT using dry film photoresist, yielding a facile method for achieving precise and high-resolution features in PZT using a masking material that is compatible with micro powder blasting, while avoiding the disadvantages associated with physical masks fabricated from metal or molded elastomer. Dry film photoresist designed for micro powder blasting is readily available, inexpensive and requires minimal equipment for preparation beyond a standard UV flood exposure system or mask aligner, enabling a simple one step process for direct photolithographic patterning of PZT sheets prior to etching. Here we demonstrate the use of dry film photoresist as an effective method for greatly simplifying the overall PZT patterning process while providing exceptionally high line and space resolution compared to previously explored methods for patterning bulk PZT by micro powder blasting. Finally, to demonstrate the combination of dry film photoresist patterning and micro powder blasting for bulk PZT microfabrication, two different cantilever microactuator topologies are demonstrated using this process, namely a longitudinally actuated d 33 mode cantilever unimorph comprising a single layer of patterned PZT with aligned interdigitated electrodes fabricated on one side of the bulk PZT substrate, and a transverse-actuated d 31 mode cantilever multimorph consisting of a PZT/glass composite structure with continuous electrode layers on each side of the PZT. These particular actuator designs were selected to demonstrate the utility of the presented fabrication approach toward device topologies useful for a wide range of bulk piezoelectric microsystems.
Experimental procedures

PZT masking and etching
All experiments were performed using 7.2 cm square PZT sheets (PSI-5A4E, type 5A, Piezo Systems Inc.) supplied with thin film nickel electrodes deposited on both sides. Micro powder blasting was performed using a commercial abrasive blaster (AccuFlo AF-10, Comco Inc.) configured with a 1.17 mm diameter nozzle. Aluminum oxide (Al 2 O 3 ) particles (Comco) with reported mean sizes of 10 μm and 25 μm were used as the abrasive powder. Measurements of the supplied particles revealed actual size distributions of 11.6 ± 3.7 μm and 25.5 ± 4.7 μm, respectively. To improve the mechanical robustness of the brittle PZT during processing, each piezoelectric sheet was temporarily bonded to a glass plate using a desktop laminator (PL-1200hp, Professional Laminating Systems) at 110
• C with a 14 μm thick layer of dry film photoresist (DF-2014, Engineered Materials Systems) used as a sacrificial adhesion layer. Before bonding the PZT sheet to the dry film photoresist, the glass/resist substrate was baked at 100
• C on a hotplate. This method of bonding the substrates was found to be very robust, yielding highly coplanar surfaces with no trapped bubbles between the layers. A second dry film photoresist specifically designed for use in micro powder blasting (RapidMask High Tack, 100 μm thick, Ikonics) was then applied to the exposed PZT surface to serve as an etch mask during micro powder blasting, with lamination performed at room temperature. The photoresist was patterned with arrays of trenches of varying line and space widths using a contact mask aligner (EVG 620, EV Group) with a total UV dose of 20.7 mW cm −2
. The RapidMask photoresist is designed to become embrittled upon exposure to UV radiation, allowing the exposed resist to be rapidly removed during the initial stage of micro powder blasting, eliminating the need to employ a chemical developer to remove the exposed photoresist from the substrate prior to PZT etching. For micro powder blasting of the masked PZT, the blasting nozzle was fixed to an adjustable stand within a sealed chamber, allowing the nozzle-to-substrate distance to be controllably adjusted. Upon etching, the exposed brittle areas of the dry film photoresist were rapidly ablated, while the unexposed regions served to mask the underlying PZT film from the abrasive particles. Following a timed etch, both the masking and adhesion photoresist layers were removed by an overnight soak in acetone. The released PZT chips were finally rinsed with DI water and dried in vacuum. For timed etch tests, the resulting etch depths were measured by optical profilometry (Eclipse LV-100, Nikon). Etch anisotropy was determined from the ratio of maximum etch depth to half of the difference between the initial mask opening dimension and the final etch pit width measured at the top surface of the PZT substrate.
Cantilever actuator fabrication
To fabricate d 31 mode multimorph cantilever actuators, a 1 mm wide hole was first powder blasted through an 80 μm thick glass cover slip to serve as an access port for making electrical contact with the anchored bottom electrode of the PZT cantilever. A layer of DF-2014 dry film photoresist was laminated to the glass, followed by a second pass through the laminator with the PZT sheet placed on top of the photoresist to permanently bond the multilayer structure. RapidMask photoresist was laminated at room temperature on top of the PZT sheet as an etch mask. Patterning of the photoresist was performed in a contact mask aligner as described previously. Micro powder blasting was performed using parameters selected based on the results of the etch characterization study, with a nozzle pressure of 415 kPa and blasting distance of 8 cm using 25 μm particles. After etching through the PZT/glass composite, the remaining dry film photoresist mask was mechanically removed with tweezers in a completely dry process. This process was found to be easy to implement, allowing for a complete set of devices to be fabricated at the wafer scale within 1 h.
While conceptually simpler than the d 31 mode multimorphs, the d 33 mode unimorph cantilever actuators employ interdigitated electrodes on the upper surface of the PZT and thus required an additional masking step for electrode patterning. Both top and bottom nickel electrodes were first removed from an as-purchased PZT sheet by wet etching in ferric chloride. The sheet was then temporarily bonded to a silicon handle wafer using a layer of RapidMask photoresist. Electrodes were patterned by depositing a lift-off photoresist (LOR-7A, MicroChem) followed by deposition of a positive photoresist (1813, Shipley). After photolithography of both resists, a 500 nm aluminum film was deposited by e-beam evaporation. Stripping of the remaining photoresist resulted in removal of aluminum from unexposed regions of the wafer. RapidMask photoresist was laminated to the PZT surface, followed by UV exposure of the resist through a mask aligned to the metal patterns. Etching was performed using the same powder blasting parameters as the d 31 mode actuators. Before testing, individual chips were diced, and released from the silicon handle wafer by an overnight soak in acetone. The full fabrication process flow for the unimorph actuators is shown in figure 1(b) .
Results and discussion
Micro powder blasting etch characterization
An ideal etching process would provide perfect anisotropy with a high etch rate and infinite etch selectivity relative to the masking layer. In RIE processes routinely used for MEMS fabrication, etching characteristics may be tuned by a combination of chemical and physical material removal mechanisms to achieve the desired process results. In contrast, micro powder blasting is a purely physical etching process, with momentum transfer between the abrasive particles and substrate material serving as the sole removal mechanism. Thus, beyond the mechanical properties of the substrate material, the key parameters that affect etching rate are particle size, nozzle pressure and nozzle-to-substrate distance. To evaluate the performance of micro powder blasting for bulk PZT patterning, a sequence of experiments were conducted to determine the impact of these parameters on PZT etch rate and etch anisotropy as a function of mask dimensions, as well their impact on the relative etch rate of the dry film photoresist mask used for photolithographic patterning of the PZT substrate.
Example results of a short PZT etch performed with a dry film photoresist mask are shown in figure 2 . The scanning electron microscope (SEM) image in figure 2(a) reveals the photoresist surface roughened by a 1 s etch at a blasting distance of 7cm and pressure of 550 kPa As shown in figure 3 , the PZT etch rate was found to be highly dependent on each of the process parameters, with etch rate following an inverse power relationship with nozzleto-substrate distance and approximately linear scaling with nozzle pressure, with the larger 25 μm Al 2 O 3 particles yielding etch rates twice those of the 10 μm particles for the same etch conditions. Note that due to high etch rates at small nozzle distances and high nozzle pressures, accurate measurements of etch rate could not be performed under certain process conditions as indicated by dashed lines in figure 3 . While similar overall behavior was observed for etching of the photoresist mask, the photoresist etch rate was significantly less sensitive to nozzle distance. As a result, the etch selectivity, defined as the ratio of PZT etch rate (ER PZT ) to photoresist etch rate (ER PR ), was greatly improved as the nozzle distance was reduced ( figure 4) . Surprisingly, for moderate and large nozzle distances, the photoresist etch rate was maximum at the intermediate value of nozzle pressure. As a result, the minimum etch selectivity occurred at 415 kPa, a trend that was observed for both the 10 μm and 25 μm particles. Overall, etch selectivities ranging from 4 to 10 were achieved. While this selectivity is low compared to masks based on elastomeric silicone [35] , it is sufficient for patterning a wide range of PZT microsystems with thicknesses below 1 mm when using 100 μm thick dry film photoresist. Previous efforts to use dry film photoresist as a masking layer for micro powder blasting of glass have demonstrated similar selectivities, but with ultimate resolution limits on the order of 50 μm for a 50 μm thick photoresist layer [37] . Furthermore, significant resist degradation was reported, resulting in penetration of particles through the resist and damage to the underlying surface. Over the range of etching conditions evaluated in this work, no surface damage beneath the photoresist layer was observed, and photolithographic resolution limits on the same scale as the smallest tested abrasive particles (10 μm) can be achieved.
The measured etch anisotropy, defined as the ratio of maximum vertical to lateral PZT etch rate, was inversely function of mask opening width for selected nozzle-to-substrate spacings using 10 μm and 25 μm particles at 60 psi nozzle pressure. The specific nozzle-to-substrate spacings were selected due to the similarity in etch rates observed for wider trenches.
proportional to nozzle distance as shown in figure 5 . As the distance between nozzle and substrate increases, the diameter of the cone of abrasive particles impacting the PZT surface expands, with increasingly oblique particle trajectories away from the centerline of the nozzle. As a result, particles at the outer edge of the impact circle will possess greater lateral momentum, and thus a higher lateral etch rate ratio that increases as nozzle distance is reduced. However, in our experiments, etch measurements were performed from the region of the substrate directly aligned with the nozzle axis, and thus the increasing anisotropy ratio at lower nozzle distances does not reflect this phenomenon. Surprisingly, particle size does not appear to be a factor in etch anisotropy for bulk PZT etching, in contrast to previous results reported for glass etching in which smaller abrasive particles were found to yield significantly straighter sidewalls [38] . The data presented in figures 3-5 reflect measurements performed using large mask openings on the order of 1 mm. However, the etching characteristics of the micro powder blasting process depend strongly on the mask opening dimensions. A well-known issue with many wet and dry chemical etching processes is the phenomenon of etch lag, in which the etch rates for smaller features tends to be lower than those for larger mask openings. In the case of micro powder blasting, etch lag arises from the emergence of sloped sidewalls during the etch process that reduce the average impact angle of abrasive particles on the exposed substrate. An example of the impact of etch lag on PZT features patterned by micro powder blasting is provided in figure 6(a) , which presents profilometry traces from a series of etch trenches of varying width between 25 μm and 150 μm. Etch lag has been extensively investigated in the context of glass microfabrication [36, 38] , with models developed to describe the phenomenon [39] and various solutions proposed to minimize etch lag, including the use of smaller abrasive particles [33] and the use of multiple angled abrasive nozzles to increase the sidewall impact angle [36] . Ultimately, for mask openings smaller than the average abrasive particle size, the etch rate can be severely reduced as particles are excluded from reaching the exposed surface [31] . For glass micro powder blasting, a minimum mask opening to particle size ratio of 3 has been suggested [36] .
Using a 415 kPa nozzle pressure for both 10 μm and 25 μm particles at selected nozzle distances, measured PZT etch rates are presented in figure 6(b) as a function of mask opening. Significant etch lag is observed, with 3-4 × reduction in etch rate for both data sets over the range of mask dimensions evaluated. Etch selectivity, presented in figure 6(c) , is similarly reduced for more narrow mask openings, since the photoresist etch rate is not affected by pattern dimensions. Although PZT etch anisotropy is also dependent upon mask dimensions, as shown in figure 6(d) , the relationship is not as strong as in the case of the vertical etch rate. This weaker relationship between mask dimensions and anisotropy ratio reflects the fact that the maximum lateral etch occurs at the top surface of the PZT substrate, which presents the same sidewall angle throughout the full etch process regardless of mask dimensions.
Based on the presented data, several issues that impact the selection of process parameters for PZT micro powder blasting can be observed. While maximum selectivity is achieved at high nozzle pressures, depending on the nozzle distance and particle size the resulting high etch rate can make it difficult to control the process and generate reproducible results. While smaller particles can be used to lower the etch rate to a more manageable level, this is done at the cost of lower selectivity, and thus may not be appropriate for thick PZT substrates where the wear resistance of the photoresist mask is paramount. In general, smaller nozzle distance is desirable to achieve higher etch rate, selectivity and anisotropy. However, a smaller distance between the nozzle and substrate also reduces the etch area. For the blasting nozzle used in this work, particles are ejected from the nozzle with a measured cone half-angle of 1.2
• . At the minimum 3 cm nozzle spacing, etching occurs only within a 2.4 mm diameter circle, compared to a 7.6 mm etch diameter at 9 cm spacing. For etching larger substrate areas, an automated system for rastering the nozzle over the substrate may therefore be required to provide repeatable etching results. Finally, we note that the resolution limits depend on etch lag which reduces both selectivity and anisotropy for smaller features. Contrary to previous reports with other brittle substrates, etch anisotropy and the related phenomenon of etch lag do not appear to be correlated with particle size for PZT micro powder blasting, even for the smallest features explored in this work with dimensions (25 μm) matched to the largest particle size. Overall, these results suggest the use of larger particles at low nozzle pressure and small nozzle distance to achieve high but controllable etch rate with excellent etch selectivity and moderate anisotropy. When a larger nozzle distance is desirable to increase the etch area, the use of higher nozzle pressure can compensate for the reduced etch rate. 
Bulk PZT actuator fabrication and characterization
To explore PZT micro powder blasting as an etching method for fabricating piezoelectric microdevices, a set of d 31 mode and d 33 mode bulk PZT cantilever beam actuators were fabricated and characterized. The d 31 mode multimorphs represent a standard topology for piezoelectric bending microactuators, with an active piezoelectric layer possessing top and bottom electrodes bonded to an elastic layer that serves to offset the neutral axis of the composite beam from that of the PZT layer. Upon application of an electric field across the thickness of the PZT layer, longitudinal extension of the beam through the transverse d 31 piezoelectric coefficient creates a net bending moment on the beam, resulting in tip deflection proportional to the applied electric field and the square of the beam length [40] . While the d 31 mode actuators require micro powder blasting through multiple materials (PZT, glass, nickle and photoresist) for their fabrication, the d 33 mode unimoph actuators are particularly well suited to the micro powder blasting process as they are each fabricated from a single layer of bulk PZT. While d 33 unimorphs also generate a bending moment using a geometry that offsets the active strain axis from the neutral axis of the beam, actuation is performed using a set of interdigitated electrodes on the upper surface of the beam. After powder blasting, the devices were heated at 100
• C on a hot plate while applying an electric field of 4 V μm −1 between the interdigitated electrodes to realign the piezoelectric dipoles between each electrode pair. After 30 min, the hotplate was turned off and the electric field continued to be applied for another 30 min while cooling the PZT chip. As a result of this repoling process, application of a potential difference between the electrodes resulted in an electric field aligned to the poling axis, with longitudinal strain generated through the converse d 33 piezoelectric effect. Because the strength of the electric field falls off rapidly within the bulk PZT, the average strain axis is offset from the centerline of the homogeneous beam, and thus produces a net bending moment and out-of-plane deflection of the cantilever tip [41] .
Examples of both microcantilever designs, fabricated using identical micro powder blasting parameters (415 kPa nozzle pressure with 25 μm particles), are shown in figure 7 . Because the device length was on the order of several millimeters, a nozzle distance of 8 cm was used to provide sufficiently large etching area to pattern each actuator without moving the nozzle during powder blasting. As seen in the device micrographs, good pattern definition was achieved with PZT sidewall angles ranging from 15
• to 20
• . Some rounding of both inside and outside corners was observed due to a combination of limited pattern resolution for the thick film photoresist mask, finite etch anisotropy at the inside corners, and higher wear rates for outside corner edges. Overall pattern fidelity followed the anticipated trends, with a measured mask undercut of approximately 50 μm consistent with a predicted anisotropy ratio of 2.5 based on the data in figure 5 . The anisotropy ratio and overall etch rate for the composite multimorphs were typically lower than the PZT-only unimorphs, since the etching parameters were not optimized for patterning of the additional materials including metal films, photoresist adhesion layer and glass.
To ensure that electromechanical performance of the fabricated devices was not impacted by the etching process, dynamic microactuator beam deflections were measured by laser Doppler vibrometry (LDV). A scanning LDV system (Polytec Inc.) attached to a microscope was used to measure beam deflections over a defined frequency range with a 10 V p-p sinusoidal input voltage applied across the PZT device electrodes. For the case of the d 31 multimorph, the lower electrode was grounded and the sinusoid was applied to the upper electrode, while the d 33 unimorph was actuated by applying the voltage between the two sets of interdigitated electrodes patterned on the upper surface of the PZT beam. The amplitude spectra for two representative actuators are shown in figure 8. Measured resonance frequencies, which match well with theoretical values for both cantilevers, are shown in this figure together with the mechanical quality factors extracted from the dynamic response plots. The lower quality factor observed for the composite structure is likely caused by higher viscous damping due to its larger size in addition to losses resulting from the interfacial polymer bonding layer. Overall, the cantilevers perform as designed, demonstrating the capability of the presented microfabrication process for realizing functional piezoelectric microactuators.
Conclusions
The combination of dry film photoresist masking and powder blasting using micron-scale alumina particles provides a powerful and simple process for the microfabrication of transducers from high-performance bulk piezoelectric materials. Using mask features ranging from 25 μm to 150 μm, PZT and dry film photoresist etching characteristics have been evaluated, with results indicating the use of larger particles at low nozzle pressure and small nozzle distance to achieve an optimal range of etch rate, etch selectivity and anisotropy in the resulting etch. The etching process has been used to successfully fabricate piezoelectric cantilever microactuators based on d 33 unimorph and d 31 multimorph topologies, in the former case using a single layer of PZT with thin film interdigitated electrodes patterned on one side of the piezoelectric substrate, and in the latter case employing a composite PZT/glass structure. The presented technique significantly simplifies the microscale patterning of bulk PZT compared with existing methods, with the entire fabrication process completed in less than 1 h for the composite multimorph, opening the door to effective realization of a range of piezoelectric microtechnologies such as resonators, transformers and micromotors that can benefit from the excellent electromechanical properties and low cost of bulk piezoelectrics.
